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Electronic spin current is convertible to magnonic spin current via the creation or annihilation
of thermal magnons at the interface of a magnetic insulator and a metal with a strong spin-orbital
coupling. So far this phenomenon was evidenced in the linear regime. Based on analytical and
full-fledged numerical results for the non-linear regime we demonstrate that the generated thermal
magnons or magnonic spin current in the insulator is asymmetric with respect to the charge current
direction in the metal and exhibits a nonlinear dependence on the charge current density, which is
explained by the tuning effect of the spin Hall torque and the magnetization damping. The results
are also discussed in light of and are in line with recent experiments pointing to a new way of
non-linear manipulation of spin with electrical means.
PACS numbers: 72.25.Mk, 75.30.Ds, 75.40.Gb, 75.70.Cn
Magnon, the quanta of the collective magnetic excita-
tions in a magnetically ordered materials carries a spin
angular momentum ~, directed opposite to the local mag-
netic moment. Thus, a flow of magnons during non-
equilibrium magnonic excitations implies an angular mo-
mentum flow, or a spin current [1–4]. This magnonic
spin current can be employed to carry, transport, and
process information [1, 2, 5–7], as well as to generate a
spin torque acting on the local magnetic moment that
can be exploited to drive magnetization dynamics [8, 9]
and magnetic domain walls [4, 10–14]. Employing mag-
netic insulators reduces significantly Joule losses due the
magnon current and hence may save energy. An ad-
verse point however is that direct magnonic excitations
via a magnetic field implies heat dissipation associated
with the magnetic field generation and a slow operation,
as the production of short magnetic pulses (say pico or
sub picosecond) is a challenge. Hence, ways to trigger
magnonic spin current electrically are highly advanta-
geous. One way to achieve that is via the inter-conversion
between the electronic and magnonic spin currents at
interfaces [2, 15–20]. Till now, basically two methods
accomplish the charge to magnon conversion. The first
one was formulated by Kajiwara et al [2]: Considering
a heavy metal on a magnetic insulator, say a Pt stripe
on YIG, due to the self-sustained magnetization oscilla-
tion induced by the spin-transfer torque, the electronic
spin current generated through the spin Hall effect in Pt
stripe, is converted to a magnonic spin current in YIG.
This method requires a large charge current density in Pt
to overcome the magnetization damping and the effect is
highly nonlinear. An alternative proposal was suggested
theoretically by S. Zhang et al [15] and subsequently ap-
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proved experimentally for devices with different geome-
tries [16–20]: Instead of exciting spin waves through the
spin transfer torque, thermal magnons are created or an-
nihilated based on the electron-magnon interaction di-
rectly at the normal metal-magnetic insulator interface.
The non-equilibrium thermal magnons diffuse away or
towards the interface, generating thus a magnonic spin
current. This mechanism is linear in the charge current.
The generated magnonic spin current can be controlled
by tuning the magnetization direction.
In spite of the formal difference, both methods have
certain similarity, as in both cases the underlying physi-
cal mechanism is based on the spin Hall torque (or spin-
orbital torque). In the first method the spin torque plays
a key role for the ferromagnetic resonance. In the second
method the spin torque is used to create or annihilate
thermal magnons, and the effects depends strongly on
the temperature. Here we study in detail the creation
(annihilation) of the thermal magnons at the Pt / YIG
interface and the magnon diffusion in YIG. Our theoret-
ical micromagnetic approach is appropriate to the dis-
cussed effects and explains recent experimental observa-
tions [16–18]. We found that the magnonic spin current is
asymmetric with respect to the direction of the electric
current. Besides, the converted magnonic spin current
depends non-linearly on the electrical current density.
We consider a one-dimensional Pt / YIG structure
shown in Fig. 1. The Pt layer is attached to the end
of the YIG magnet. Due to spin-orbital coupling, biased
Pt exhibits a spin Hall effect exerting a spin torque pro-
portional to M× σ ×M on YIG [21–23]. Here σ is the
polarization of the spin current and M is the magneti-
zation of the YIG. The electronic spin current in Pt can
be converted to a magnonic spin current in the YIG ei-
ther by driving a ferromagnetic resonance [2, 24, 25], or
by creating (or annihilating) thermal magnons [15–17].
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2FIG. 1. (color online). Schematics of the model. Magnetiza-
tion of the YIG layer is oriented collinear with the +z axis.
The pure spin current with the spin polarization σ is gen-
erated in the Pt layer through the spin Hall effect, and the
electric current jPt. The electronic spin current is converted
to a magnonic spin current JM at the Pt / YIG interface via
the spin-Hall torque.
In the first method, conversion is more efficient when σ
is perpendicular to the equilibrium magnetization, while
in the second method conversion works best when σ is
parallel to the static magnetization (that means when
σ is perpendicular to the thermally activated dynamic
component of the magnetization).
Here we address the case when the charge current den-
sity in Pt is very small and a self-sustained magnetiza-
tion precession is not activated. The relevant mecha-
nism in this case is the creation (annihilation) of ther-
mal magnons at the Pt / YIG interface. Due to the
non-equilibrium thermal magnon diffusion, the magnonic
spin current flows along the x -axis. The magnetization
dynamics in YIG is governed by the stochastic Landau-
Lifshitz-Gilbert (LLG) equation supplemented by the
spin Hall torque τSHE term [26]:
∂tM = −γM×(Heff +hl)+(α/Ms)M×∂tM+τSHE. (1)
Here Ms is the saturation magnetization, γ is the gyro-
magnetic ratio, and α is the phenomenological Gilbert
damping constant. The effective field Heff consists of the
exchange field and the applied external magnetic field,
Heff =
2A
µ0M2s
∂2M
∂x2 + Hzz. Here A is the exchange stiff-
ness and Hz is the external magnetic field applied along
the z -direction. The thermal random magnetic field
〈hl,i(x, t)hl,j(x′, t′)〉 = 2kBTαγMsV δijδ(x− x′)δ(t− t′) is char-
acterized by the correlation function of the white noise.
Here kB is the Boltzmann constant, V is the volume and
T is the temperature. The Pt / YIG interfacial spin Hall
torque τSHE created by the electronic current flowing in
the Pt layer can be expressed as τSHE =
γcJ
Ms
M×σ×M.
Here the coefficient cJ is proportional to the electronic
current density JPt in the Pt layer. The polarization of
the spin current σ satisfies σ = x × jPt, and jPt is the
unit vector of the electronic current [21–23].
In the modeling of the creation / annihilation of ther-
mal magnons at the Pt/YIG interface and magnon dif-
fusion in YIG, the length of YIG is chosen to be 3000
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FIG. 2. (color online). (a) Numerically simulated profile of
the magnonic spin current Jz in YIG for the parameters cJ =
0 (open circles), cJ = 5.1 × 104 A/m with θ = 0 (squares),
θ = pi/2 (solid circles) and θ = pi (triangles). The temperature
is T = 25 K. (b) Averaged spin current Jz (in the region of
x ≤ 500 nm) as a function of the angle θ for cJ = 5.1 × 104
A/m and 8.4 × 104 A/m. (c) Averaged spin current Jz as a
function of cJ for θ = 0 and pi.
nm and the cell size is 5 nm. The material parameters
of YIG used in simulation are: Ms = 1.4 × 105 A/m,
A = 3 × 10−12 J/m, and α = 0.005 [27]. The YIG is
initially magnetized to saturation and the magnetization
is aligned along the +z axis parallel to the large external
magnetic field Hz = 4× 105 A/m. The spin Hall torque
act in the vicinity of the interface, and its coefficient cJ
is of the order of (0, 1.2 × 105 A/m): This value of cJ
is small enough to exclude the reorientation of magneti-
zation and the self-sustained auto-oscillation induced by
the spin Hall torque. Influence of the relative angle θ be-
tween the electron spin and the static magnetization can
be investigated by controlling the direction of the current
density vector jPt and the polarization of the spin cur-
rent σ = (0, sinθ, cosθ). The temperature T is uniform
in the YIG and far below the Curie temperature.
In order to quantify the magnonic spin current Js, we
utilize the standard definition Jαs = lAεαµν〈Mµ∂xMν〉
[2]. Here α defines polarization of the magnonic spin
current, lA = 2γA/(µ0M
2
s ) and εαµν is the Levi-Civita
3antisymmetric tensor. As the static magnetization is di-
rected along the +z axis parallel to the external mag-
netic field Hz, the thermally activated transversal mag-
netization components Mx, My contribute only to the
magnonic spin current Jzs . Two other components of the
magnonic spin current Jxs and J
y
s are zero. Taking into
account that the magnon polarization is opposite to the
local magnetization, we set Jz = −Jzs in order to have a
positive spin current Jz for magnons propagating along
the +x direction.
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FIG. 3. (color online). (a) Numerically simulated profile of
relative magnon density nr for the parameters cJ = 5.1 ×
104 A/m with θ = 0 (squares), θ = pi/2(circles) and θ = pi
(triangles). The temperature is T = 25 K. (b) Averaged nr as
a function of the angle θ for cJ = 5.1×104 A/m and 8.4×104
A/m. (c) Averaged nr as a function of cJ for θ = 0 and pi.
Figure 2(a) shows the spatial distribution of the
magnonic spin current density Jz in YIG with and with-
out the spin Hall torque being applied at the Pt / YIG
interface (x = 0). Here, T is taken to be 25 K. In the ab-
sence of the spin Hall torque (cJ = 0), the uniform tem-
perature can not generate magnon current and Jz = 0.
When the spin Hall torque cJ = 5.1×104 A/m is applied,
the electronic current is converted into a magnonic spin
current. The effect is sensitive to the angle θ. When the
electron spin polarization is parallel to the static magne-
tization (θ = 0), the magnonic spin current Jz is nega-
tive, meaning that the nonequilibrium thermal magnons
diffuse toward the interface. The spin current is expo-
nentially damped along the x direction. The magnonic
spin current Jz turns positive when θ = pi, and its value
is much larger than in the case θ = 0. If the electron
polarization is perpendicular to the static magnetization
(θ = pi/2), the magnonic spin current is zero. The slight
variations in these curves are caused by thermal effects.
The detailed connection between the magnonic spin cur-
rent density Jz and the electron spin polarization angle θ
is shown in Fig. 2(b). The dependence of the magnonic
current Jz on the angle θ mimics the profile of a harmonic
function. Conversion of the electronic spin current into
the magnonic spin current is maximal for θ = 0 and ±pi.
However, considering the polarization of the electronic
spin and the direction of the electric current in Pt one
notices an asymmetry. A larger magnonic spin current
is generated when the electron polarization is antipar-
allel to the static magnetization (θ = ±pi). This phe-
nomenon becomes more prominent for higher electronic
current density (cJ = 8.4×104 A/m). The dependence of
the magnonic spin current density Jz on the spin torque
coefficient cJ is shown in Fig. 2(c) for θ = 0 and pi. The
magnonic spin current increases with the electronic cur-
rent in Pt. But Jz is not linearly proportional to cJ as
shown in Ref. [16, 18]. The nonlinear effect enhances
at high electronic current density cJ and particularly for
θ = pi, while for θ = 0 the effect is less pronounced.
The conversion between the electronic and the
magnonic spin currents at the normal metal-magnetic
insulator interface was studied in Ref. [15–18, 28]. For
θ = 0, the electron spins are antiparallel to the thermal
magnon’s spins oriented opposite to the local magneti-
zation, and magnons are annihilated due to the trans-
fer of angular momentum. While for θ = pi, magnons
are created. The creation or annihilation of the thermal
magnons at the Pt / YIG interface lead to positive or
negative magnon accumulation. The magnons start to
diffuse then away or towards the interface. When the
electron spin is perpendicular to the spin of the thermal
magnon, θ = pi/2, the spin transfer between the electron
and the thermal magnons is totally suppressed. There-
fore, the generated magnonic spin current should exhibit
a symmetry with respect to the direction of the electronic
current and should depend linearly on the electronic cur-
rent density [15].
For a deeper understanding of the conversion pro-
cess we further calculate the thermal magnon density
n and its distribution. The thermal magnon number
n is quantified by the squared dimensionless transver-
sal magnetization components averaged over time n =
ρVMs/(2gµB), where ρ = 〈m2x+m2y〉 with mx = Mx/Ms
and my = My/Ms [29] . µB is the Bohr magneton.
In Fig. 3(a), the spatial distributions of the relative
nonequilibrium magnon density nr = (n − n0)/n0 are
plotted. Here n0 is the equilibrium magnon density when
cJ = 0. We clearly see that the thermal magnons are
created or annihilated at the Pt / YIG interface (x = 0)
and the nonequilibrium magnons diffuse through the YIG
4when the electronic current cJ is applied. The number of
created magnons is larger than the number of annihilated
magnons. This imbalance leads to the asymmetry of the
magnonic spin current with respect to the direction of the
charge current. Fig. 3(a) indicates clearly that there is
no creation (annihilation) of thermal magnons when the
electron spin polarization is perpendicular to the static
magnetization, i.e. θ = pi/2. The nonequilibrium ther-
mal magnon density as a function of the angle θ and spin
torque coefficient cJ is shown in Fig. 3(b) and (c), re-
spectively. We clearly see the characteristic asymmetry
of the nonequilibrium thermal magnons with respect to
the direction of the electrical current and the nonlinear
dependence on the current density.
Our micromagnetic simulations results are in good
agreement with the experimentally observed data. In the
experiment, the nonequilibrium thermal magnons cre-
ated or annihilated at the Pt / YIG interface were de-
tected at another Pt strip through the inverse spin Hall
effect [16–18, 28]. The detected electrical signal depends
on the angle between the electronic spin polarization and
the static magnetization in the form ∼ cos2θ. This ex-
perimental result is consistent with our simulations. In
our case the dependence of the magnonic current Jz on
the angle θ amounts to the profile of a harmonic function.
The asymmetry of the magnonic spin current with re-
spect to the direction of the electric current was also ob-
served in the experiment. An explanation of this asym-
metry was formulated in terms of the spin Seebeck effect:
The joule heating in the Pt layer generates a tempera-
ture gradient at the Pt / YIG interface and a positive
magnon accumulation leads to the flow of magnons away
from the interface [16, 18].
In our theoretical model the applied thermal bias is
uniform and the spin Seebeck effect is not relevant.
Therefore, the observed asymmetry and the nonlinear ef-
fects exposed here point to a different mechanism.
In our model the spin-Hall torque plays a dual role in
the conversion between the electronic and the magnonic
spin currents. On the one hand, the spin-Hall torque
directly creates or annihilates thermal magnons at the
interface by acting on the dynamic components of the
magnetization. This conversion mechanism leads to the
linear dependence of magnonic current on the electric
current, as indicated in Ref. [15]. The spin-Hall torque
modifies linearly the magnetization damping. It increases
or decreases the effective damping. Depending on the
direction of the electric current, the spin-Hall torque en-
hances or attenuates the thermally activated oscillations
of the magnetization [30]. On the other hand, as will
be shown below, the converted magnonic current has a
contribution proportional to the square of the electric
current.
To describe the conversion of the electronic spin cur-
rent into the magnonic spin current on the Pt / YIG
interface, we construct a simple analytical model: The
thermally activated magnetization dynamics of a single
macrospin can be expressed as, M = M0 +Ms[mx(t)ex+
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FIG. 4. (color online). (a) Analytically calculated relative
magnon density nr as a function of the angle θ when cJ =
1700 A/m and 900 A/m. (b) Relative magnon density nr as a
function of cJ for θ = 0 and pi calculated using Eq. (3) (solid
dots) and Eq. (5) (open dots).
my(t)ey]. The static magnetization M0 = Msez is ori-
ented parallel to the external magnetic field Hz. We as-
sume that the reorientation of the static magnetization
M0 caused by the spin Hall torque is small enough and
can therefore be neglected. After substituting M into
the stochastic LLG equation Eq. (1) and introducing
m±(t) = mx(t) ± imy(t), we deduce a set of linearized
equations
(1− iα)∂m+
∂t
= (iγHz − γcJcosθ)m+ − iγh+
(1 + iα)
∂m−
∂t
= (−iγHz − γcJcosθ)m− + iγh−.
(2)
The complex Langevin field h± = hl(ex ± iey) has the
correlator 〈h+(t)h−(t)〉 = 2〈hl,i(t)hl,i(t′)〉 [31]. Eq. (2) is
linear and can be integrated straightforwardly. We utilize
the method described in [32] presenting for brevity the
final result for the correlation function
〈mi(t)mj(0)〉 = σ2
∫
e−iωt
∑
n
χin(ω, cJ)χjn(−ω, cJ)dω
2pi
.
(3)
Here, i, j, n = x, y, and χ(ω) is the transverse dynamic
magnetic susceptibility matrix:
χ(ω, cJ) =
1
(ωH − iαω)2 + (ωc − iω)2
(
ωH − iαω ωc − iω
iω − ωc ωH − iαω
)
.
(4)
The following notations are introduced: ωc = γcJcosθ,
ωH = γHz, and σ
2 = 2αγkBT/MsV . In the high tem-
perature limit Eq. (3) further simplifies and we infer
〈mx,y(0)mx,y(0)〉 =
γkBT
MsV ωH
(
1− γcJ
αωH
cos(θ) +
( γcJ
αωH
)2
cos(θ)2
)
.
(5)
5Here γcJαωH is the small parameter in the series expan-
sion. With the definition of the magnon density ρ =
〈m2x+m2y〉 one can readily calculate the magnon number
n = ρVMs/(2gµB). As we see from Eq. (5), due to the
linear term, the spin Hall torque enhances or attenuates
the magnon density depending on the direction of the
electric current. The effect of the spin Hall torque on the
effective damping is linear αeff = α + cJcosθ/Hz, while
the thermal magnon density depends on the quadratic
term
(
γcJ
αωH
)2
cos(θ)2. Thus, the spin Hall torque leads
to an asymmetry and nonlinear effects in the creation
or annihilation of thermal magnons at the heavy-metal
magnetic-insulator interface. The analytical result from
Eqs. (3) and (5) reproduces the nonlinear effects ob-
served in micromagnetic simulations, as shown in Fig.
4.
In summary, our theoretical results explain recent
experiments on the conversion of charge current to
magnonic spin current at the Pt / YIG interface. In
particular, we discovered a relation between the current
directional asymmetry and the nonlinear dependence of
the magnonic spin current on the charge current. Our
results and the interpretations are essential elements to-
wards the generation of non-linear, large magnonic cur-
rent density via electrical means.
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